ABSTRACT Improvement of electrochemical property of K 2 V 8 O 21 , a stable phase of vanadium bronzes, was attempted by redox inactive metal ion doping. From the XRD pattern and lattice parameter change, it was confirmed that Ti and Nb can be exchanged with vanadium until 2 mol%. By doping 1 mol% Nb 5+ to K 2 V 8 O 21 , the discharged capacity was improved to 210 mAh/g from 140 mAh/g for non-dope system. In ex-situ XRD measurement, non-dope K 2 V 8 O 21 became amorphous in the first discharge process. For Nb-doped system, main reflection of K 2 V 8 O 21 observed after both discharge process and first discharge-charge cycle. The lattice parameter of c axis increased while that of a axis decreased after discharge. Both lattice parameters got back to the initial position after charging process. This result suggests that lithium ions are intercalating into the inter layer part along the c axis during the discharge process. Mechanical mixing active materials with acetylene black was attempted for the further improvement in the electrochemical property. The initial capacity of ball milled Nb-doped K 2 V 8 O 21 was improved to 315 mAh/g. This result suggests that the capacity of K 2 V 8 O 21 is determined by the numbers of lithium ion that can be intercalated into the lattice without the destruction of its crystal structure.
Introduction
Vanadium oxide (V 2 O 5 ) is a well known cathode material for lithium battery that has high discharge capacity.
1-4 V 2 O 5 is consist of [VO 5 ] square pyramid sharing edges and tops and V 2 O 5 layers are packed along the c axis. Lithium ion can be intercalated into the layers consisted with the edges sharing [VO 5 ] pyramid. In the insertion of lithium into V 2 O 5 , the phase of Li x V 2 O 5 changes with the increase in amount of lithium (x). In the region x > 1, £-phase LiV 2 O 5 bronze is produced and the capacity fades with cycling for its irreversible structural change. 1, 5, 6 For the improvement of this low cycle stability of V 2 O 5 , many attempts were carried out and the amorphous state V 2 O 5 7,8 and multiple oxides with potassium or lithium (vanadium bronzes) are known to have high capacity with good cycle stability. [9] [10] [11] [12] [13] [14] [15] Among the vanadium bronzes, Li (or K) V 3 O 8 has been actively investigated by many researchers. [9] [10] [11] LiV 3 O 8 is reported to show the capacity of 250 mAh/g after 50 cycles charge-discharge. 10, 11 In the vanadium bronzes, there are other phases that are known to be stable. K 2 V 8 O 21 is one of the stable phases and has higher theoretical capacity than KV 3 O 8 phase, 261 mAh/g for K 2 V 8 O 21 , 251 mAh/g for KV 3 O 8 until all vanadium ions are reduced to +4, because of the lower ratio of potassium to vanadium. However, the reports for K 2 V 8 O 21 are limited and these reports are conflicting each other. The first report of K 2 V 8 O 21 as the cathode material for the lithium battery was brought by Manev et al. 12 They reported the initial discharge capacity of K 2 V 8 O 21 to be 190 mAh/g and its low cycle stability. Momchilov et al. reported that the electrochemical property of K 2 V 8 O 21 can be improved by the water intercalation into the layer in the hydrothermal treatment.
14 This group also has synthesized nano particles of K 2 V 8 O 21 , but they reported that initial discharge capacity decreased by downsizing the particle to nano meter order. 15 With such a confused reports, it is suggested that the the structural stability of K 2 V 8 O 21 is not high and it is the reason why theoretical capacity of K 2 V 8 O 21 can not be obtained. This low stability for K 2 V 8 O 21 during discharge-charge would have disturbed the investigation of its charge-discharge mechanism. For the improvement of materials with low structural stability, it is known that doping of redox inactive ions to the host materials is effective. For example, cycle stability of LiMn 2 O 4 is reported to be improved by Al 3+ doping into the host material. 16 In this paper, we have attempted to improve the electrochemical property of K 2 V 8 O 21 by doping redox inactive metal ions such as Nb 5+ and Ti 4+ and investigated the mechanism of charge-discharge and capacity fading by measuring ex-situ XRD. CO 3 at the same condition to the non-dope compound. Some of the obtained samples are mixed with acetylene black (Denka black) and ground by planetary ball mill (Fritsch P-7) at the speed of 500 rpm for 2 h as needed. The crystal structure of the samples was characterized using a powder X-ray diffract meter (Rigaku RAD-C) with CuKA radiation. The electrochemical performance of cells was studied by charge-discharge cycle tests and AC-impedance measurements at 25°C. The cathode consists of 50 wt% active material, 45 wt% acetylene black, and 5 wt% PTFE binder. Ethylene carbonate-diethyl carbonate mixed solvent (3:7) with a supporting electrolyte of 1 M LiPF 6 (Kishida battery grade) and lithium metal (Honjyo Metal) were used as the electrolyte and anode material, respectively. The charge-discharge characteristics of the samples were examined using a CR-2032 coin cell with a battery tester (Interface model 0Z0-A19). After the discharge to various voltages and one cycle of the discharge-charge process, an ex-situ XRD measurement was carried out under Ar atmosphere. AC-impedance spectra for cells were obtained using a frequency-response analyzer (Solectron 1255) connected with a potentiostat (Solectron 1280) in the frequency range of 10 ¹2 to 10 6 Hz with an applied potential of 0.01 V from the cell voltage.
Experimental
The morphology of the material surface was observed by scanning electron microscope (JEOL JSM-5610).
Results and Discussion
In Fig. 1(a) , the XRD pattern for sample sintered at 450°C for 50 h was shown. Obtained pattern agreed with that of K 2 V 8 O 21 indexed to monoclinic C2/m reported by Tyutyunnik et al. 17 The patterns for 1-2 mol% Nb-doped K 2 V 8 O 21 were also shown in Fig. 1(a) . The pattern for 1 mol% Nb-doped K 2 V 8 O 21 was also agreed with the reported one, while the reflection for impurity was found in 2 mol% Nb-doped sample. For the doped compounds over 3 mol%, the reflections of unreacted V 2 O 5 were observed. The results of XRD measurement for Ti-doped systems show similar tendency to Nb-doped system.
In Fig. 1(b) , the lattice parameters for a, b and c axes of the metal doped K 2 V 8 O 21 were plotted as a function of the content of dopant ions. For a and c axis, the lattice parameter for Nb-doped system changed in the linear correlation with the dopant content, whereas the lattice parameter for b axis hardly changed. This result indicates that the solid solutions of K 2 V 8 O 21 exchanged with Nb and Ti are successfully obtained by the solid state reaction. For a axis, the lattice parameter increased with the content of Nb 5+ ion, whereas that decreased with the content of Ti 4+ ion. This difference may be caused by the difference in valence numbers of the dopants. However, the detailed reason for this is not clear yet.
In Fig. 2 , crystal structure of K 2 V 8 O 21 was shown. [VO 5 ] pyramids connected with top and edge sharing make a three dimensional network structure. On the surface of b plane, a large tunnel can be found. Through this large tunnel, lithium ion would be able to diffuse, even though potassium ions are locating for its sufficient space. On the surface of c and a plane, smaller tunnels can be found. The tunnel along to c axis is occupied with potassium ion, whereas the tunnel to b axis is not. Lithium ion is expected to intercalate and diffuse through these tunnels.
The surface morphology for non-dope and Nb-doped K 2 V 8 O 21 is shown in Fig. 3 . K 2 V 8 O 21 has an acicular crystal and its crystallinity was much improved by addition of Nb ion: the particle size of Nb-doped K 2 V 8 O 21 is over 5 µm.
The charge-discharge properties of non-dope and metal ion doped K 2 V 8 O 21 were shown in Fig. 4 . Non-dope K 2 V 8 O 21 shows reversible charge-discharge ability with the initial discharge capacity of about 140 mAh/g, though irreversible charge capacity of about 20 mAh/g was observed. This shortage in the capacity seems to be caused by the low structure stability of K 2 14 On the other hand, this group also has reported that the nano size particles synthesized by the low temperature solid reaction show capacity of below 100 mAh/g. 15 These reports indicate that electrochemical property of K 2 V 8 O 21 is influenced by the difference in the local structure of grains caused by synthesis condition. The charge-discharge curves of metal doped K 2 V 8 O 21 with the content of 1 and 2 mol% were shown in Fig. 4(b) -(c). With 1 mol% doping, the discharge capacities were improved. Among them, Nb-doped sample showed initial discharge capacity of 213 mAh/g. By 2 mol% doping, the discharge capacity decreased in both dopant systems. The cycle dependence of discharge capacity was shown in Fig. 5 . The cycle stabilities of 1 mol% doped samples were improved in comparison with the non-dope one. This improvement in cycle stability seems to concern to the capacity increase induced by Nb-doping. However, the cycle stability of Nb-doped K 2 V 8 O 21 is not sufficient: the capacity after 20 cycles faded to 75% of its initial capacity. For the further improvement of electrochemical property for K 2 V 8 O 21 , it is necessary to know the mechanism of capacity fading.
For the investigation of the charge-discharge mechanism, ex-situ XRD measurements of non-dope and Nb-doped K 2 V 8 O 21 were Electrochemistry, 83(10), 902-908 (2015) carried out. Figure 6 is the ex-situ XRD patterns for non-dope and Nb-doped K 2 V 8 O 21 as prepared, after the first discharge and after the first discharge-charge cycle. For the non-dope sample, almost reflections have disappeared in the first discharge process and any new reflections were not observed after the first cycle of discharging-charging. This would mean that the crystal structure of K 2 V 8 O 21 is rapidly decomposed or becoming amorphous during the charge-discharge process. Such a sudden change in crystal structure is often accompanied with the irreversible phase transition. In the case of V 2 O 5 , it is well known that the irreversible phase transition from ¤-to £-phase causes the capacity fading during the chargedischarge process. 16, [18] [19] [20] For the materials with layered rock salt structure (LiCoO 2 or LiNiO 2 and so on), structural and thermal stability is improved by exchanging Co or Ni to Al ion. [18] [19] [20] The increase in the discharge capacity by Nb doping seems to be achieved by the stabilization of crystal structure. As was reported by some groups, the capacity of K 2 V 8 O 21 largely depends on the synthesis methods and conditions. 14, 15 This phenomenon can be interpreted as the discharge capacity of K 2 V 8 O 21 is determined by the numbers of lithium ion that can be intercalated into the lattice without the destruction of its crystal structure, at least as far as our results in the present paper. This structural durability caused by Nbdoping may contribute to the improvement of the cycle stability of K 2 V 8 O 21 cathode.
The lattice parameters of Nb-doped K 2 V 8 O 21 during the chargedischarge process calculated from the angle of main reflections, 402 and 005, were listed in Table 1 . The lattice parameter for a axis shrinks and that for c axis is extended during the discharge process. In the following charge process, the parameters of both axes get back to almost the initial length. This change in the lattice parameters with lithium intercalation process resembles to that of lithium ion battery cathode materials with layered rock salt structure, represented by LiCoO 2 and LiNiO 2 . 21, 22 For these layered materials, the lattice parameter of c axis rises with the decrease in the lattice parameter of a axis in the lithium intercalation process by the decrease in the electrostatic attraction between the transition metal oxide layer and lithium ion layer. In the case of materials with three dimensional lithium ion path represented by LiMn 2 O 4 , all of lattice parameters increase with lithium insertion. The results of ex-situ XRD measurement suggest that lithium ions are intercalating into the inter layers along the c axis during the discharge process. As was shown in Fig. 2(c) , [VO 5 ] pyramid network, that consists K 2 V 8 O 21 , can be divided to the dense layer part and the inter layer chains part with low density. This limited connection between [VO 5 ] pyramids may disturb the electric conduction and electrochemical reduction of vanadium ion in the inter layer chain part. Owing to this anisotropy in electron conduction, the vanadium ion in the layer part would be reduced preferentially. The decrease in the electrostatic repulsion between layer parts caused by the preferential vanadium reduction will widen the distance between layer parts. Lithium ion seems to diffuse through the tunnels on b and/or a planes. The lithium ion location sites are not clear at the present stage.
To analyze the detailed electrochemical reaction of K 2 V 8 O 21 as the cathode material of the lithium battery, the electrochemical Electrochemistry, 83(10), 902-908 (2015) impedance spectroscopy (EIS) at discharged state (1.5 V) was carried out using a cell K 2 V 8 O 21 /EC:DEC (3:7) with 1 M LiPF 6 /Li metal. In Fig. 7 (a) and (b), the Nyquist plots for the cell with nondope and Nb-doped systems are shown. Two and one semi-circles were found in non-dope and Nb-dope systems, respectively. These spectra were analyzed assuming the equivalent circuits shown in the inset of Fig. 7(a) and (b) . For the non-dope system, a semi-circle was found in the lower frequency region, which was not observed in the Nb-doped system. This resistance at the lower frequency region seems to be attributable to the surface layer produced by the reaction at K 2 V 8 O 21 surface with electrolyte solution. The obtained resistances for non-dope and Nb-doped systems were listed in Table 2 . We have assigned R 1 , R 2 and R 3 to the resistances for the electrolyte, the charge transfer resistance and the interface layer, respectively. For non-dope system, R 1 and R 2 are assignable to the electrolyte and the charge transfer resistance, respectively. The charge transfer resistances of non-dope and Nb-doped system are 333 and 289 ohms, respectively. These higher charge transfer resistances than the usual cathode materials originated from their low electric conductivity, may prevent these materials from exhibiting the full performance. It has been reported that the electric conductivity of polyanionbased cathode materials can be improved by decreasing the particle size to nanoscale [23] [24] [25] and homogeneous mixing conductive additive. For the improvement of the present cathode material with low electric conductivity, mechanical mixing of cathode materials with the carbon additive are carried out. The XRD patterns for Nb-doped K 2 V 8 O 21 before and after the mechanical milling were shown in Fig. 8 . The main reflections of K 2 V 8 O 21 were observed after the milling, though all the reflections became broader. This indicates the crystal structure of K 2 V 8 O 21 is maintained and its grain size became Electrochemistry, 83(10), 902-908 (2015) smaller after the milling. Figure 9 shows the SEM images of Nbdoped K 2 V 8 O 21 mechanically mixed with acetylene black. The white particle is Nb-doped K 2 V 8 O 21 and black ones are acetylene black. It was found that the cathode Nb-doped K 2 V 8 O 21 , with the size over 5 µm in the as prepared condition, are grinded to smaller particles with the size about 1 µm and mixed with acetylene black homogeneously. The Nyquist plots for the cell with non-dope and Nb-doped system mechanically mixed with acetylene black measured at 1.5 V are shown in Fig. 7(d 21 , the resistance of non-dope system is higher than Nb-doped one. This result suggests that formation of V 4+ ions into the host causes the elimination of oxide ion that means certain amount of oxygen vacancy is introduced into the host material. This oxygen vacancy will lower the stability of the host structure during charge-discharge process. Generally, the vacancy and impurity compounds tend to present at the surface of the bulk material. Such an impurity at the surface will prevent swift intercalation into the host materials and also prevents efficient charge transfer between conductive additives. This speculation is consistent with the high interface resistance observed and high charge transfer resistance even after ball milling in the AC impedance measurement (Fig. 7) . For the Nb-doped system, the doped Nb ion seems to stabilize the surface of the bulk K 2 V 8 O 21 and suppress the growth of surface impurity layer. This would be the reason the surface interface resistance (R 3 ) was not observed in the AC impedance measurement. The surface stability of other cathode materials was reported to be improved by coating redox inactive materials. For the case of LiMn 2 O 4 that Mn ion tends to be dissolved into the electrolyte solution, surface can be stabilized by Al 3+ doping 16 Fig. 11 . The initial discharge capacities were improved to about 190 and 315 mAh/g, respectively. This result demonstrates that K 2 V 8 O 21 potentially has the capacity over its theoretical capacity, that corresponds to one electron reduction of V 5+ ion, with the aid of Nb-doping and mechanical milling with a carbon additive. For the non-dope system, the improvement in the conductivity and capacity is very limited compared with the Nb-doped system. This reason is not clear, but there is a possibility that the local structure of non-dope K 2 V 8 O 21 is decomposed to a certain extent during the mechanical milling for the lower durability of non-dope system compared with the Nbdoped system.
The cycle stability of samples mixed by ball milling was shown in Fig. 12 . For Nb-doped system, the capacity faded with almost the same rate with Nb-doped system by hand milling. After 20 cycles, the capacity of ball-milled sample was about 75% of its initial capacity that is also same to the hand milled sample. On the other hand, the capacity for the non-dope sample faded rapidly in the early cycles. The capacity for the sample with ball milling decreased from Electrochemistry, 83(10), 902-908 (2015) 192 to 160 mAh/g only in 6 cycles. These results suggest that the mechanical milling process does not influence on the cycle stability of Nb-doped K 2 V 8 O 21 . For the further improvement of cycle stability for K 2 V 8 O 21 , combination of Nb-doping and other methods (co-doping of other metal ion or water insertion to the crystal) would be necessary.
Conclusion
In this paper, charge-discharge mechanism of K 2 V 8 O 21 was investigated and the electrochemical properties of K 2 V 8 O 21 was improved by doping other metal ions. In the discharge process, lithium ions are suggested to be intercalating into the inter layers along the c axis of Nb-doped K 2 V 8 O 21 , whereas non-dope K 2 V 8 O 21 became amorphous in the first discharge process. By the 1 mol% Nb-doping and mechanical milling with acetylene black, the capacity of K 2 V 8 O 21 was improved to 315 mAh/g. This result has demonstrated that K 2 V 8 O 21 has a potential as the cathode material with high capacity for lithium battery. Electrochemistry, 83(10), 902-908 (2015) 
